In treating tumors by pretargeting, the antitumor antibody and the cytotoxic effector (e.g., toxins and radioactivity) are separately administered. Therefore, pretargeting is more complicated with many variables. We are conducting studies to understand the influence of each variable using a novel recognition pair of mutually complementary phosphorodiamidate morpholino oligomers (MORF/ cMORF). Earlier we developed a semi-empirical model capable of accurately predicting the behavior of a radiolabeled cMORF effector with variations in dosages and timing. We have now extended the model to predict the effector behavior, in particular, its maximum percent tumor accumulation (MPTA) in mice pretargeted with three different MORF-conjugated antibodies (MN14, B72.3, and CC49). The MN14 and the CC49 target different antigens in the same tumor, whereas the CC49 and the B72.3 target the same antigen but with very different tumor accumulation. By comparing the pretargeting results of these three antibodies with our prediction, we confirmed that the MPTA of the radiolabeled cMORF effector in the LS174T tumor is independent of the antibodies. In conclusion, the MPTA cannot be improved through the use of different pretargeting antibodies, although different antibodies may improve the maximum absolute tumor accumulation, the heterogeneity, and/or the tumor-to-normal tissue ratios of the effector. This conclusion will apply equally well to effectors carrying a fluorescent probe, an anticancer agent, or a radioactive imaging agent.
Introduction
Pretargeting involves at least two injections, the first to target tumor with an antitumor antibody and the second to deliver the effector carrying a fluorescent probe, an anticancer agent, or an imaging radionuclide as in this study. Because this approach combines the superior tumortargeting property of antibodies with the rapid pharmacokinetics of a small effector, it is proving to be increasingly useful for both tumor imaging and radiotherapy (1 -5) . It has been shown that pretargeting can greatly improve the tumor delivery of radionuclides over the conventional direct targeting by radiolabeled antibodies (6 -11) . Clinical radiotherapeutic trials are also showing promise in the treatment of solid tumors (12, 13) . A novel pretargeting approach is under development in this laboratory using the recognition pair of an 18-mer phosphorodiamidate morpholino oligomer and its complement (MORF/cMORF; refs. 14, 15), as illustrated in Fig. 1 .
For convenience, the pretargeting variables may be divided into two categories. For a two-step pretargeting approach, the variables of category 1 include tumor model, pretargeting antibody, and effector. The variables of category 2 include those relating to dosage and timing, specifically, the dosages of pretargeting antibody and effector, the pretargeting interval, and the detection time. We have developed a semi-empirical model to predict the biodistribution of the cMORF effector in pretargeted tumored mice with variations in the category 2 variables (16, 17) . This prediction model is based on the pharmacokinetics of the pretargeting antibody, the pharmacokinetics of the radiolabeled effector administered alone, the accessibility of the antibody for the radiolabeled effector in the pretargeted tumor and normal tissues, the quantitative relationships between pretargeting antibody and effector, and finally the delivery property of the radiolabeled effector to the tumor and normal tissues. In this report, we are extending this model to investigate one category 1 variable, that is, the pretargeting antibody.
One important concept associated with the semi-empirical model and the category 1 variables is the maximum percent tumor accumulation (MPTA) of the cMORF effector in %ID or %ID/g. Our previous investigations indicated that, for a given solid tumor model (tumor host, type, size, and location) and a fixed dosage of pretargeting antibody, the absolute tumor accumulation of effector increases linearly with increasing effector dosage until saturation and then levels off (16, 17) . When plotted as the percent accumulation (that is, %ID/g), the curve is horizontal until saturation and then declines. In the horizontal range, the percent accumulation corresponds to the MPTA. The MPTA and the constant slope of the absolute accumulation curve in the linear range are related by MPTA = slope Â 100% / tumor weight. Similar dosage studies of effectors have been reported elsewhere although in less detail (18, 19) .
It can be easily shown that the MPTA must be independent of the nature of pretargeting antibody. Recently (20) , we have provided an expression of effector accumulation Q as a function of several factors:
where F is the cardiac output (g/s), f is the fraction of the cardiac output reaching the tumor, W is the tumor weight (g), C is the blood level of the effector (%ID/g), and E is the trapping efficiency (the retained fraction of the effector reaching the tumor). If the dosage of cMORF effector is below that required to saturate the MORF antibody in tumor, E will be a constant. However, if the dosage of cMORF effector is above that required dosage, when the MORF in tumor becomes saturated, E will become zero such that the additional cMORF effector delivered to tumor cannot be retained. Thus, the percent tumor accumulation of cMORF effector just before the saturation of the pretargeting antibody in tumor will be the MPTA:
This equation shows that the MPTA is independent of the pretargeting antibody and dependent only on the tumor and the effector. Thus, provided that the dosage does not exceed that dosage required to saturate the effector-binding sites presented by the pretargeting antibody in tumor, the percent tumor accumulation of the effector will be maximum at the value of MPTA and constant with increasing effector dosage. Of course, if the tumor model is changed, f may change and E may also be different due to the variance of diffusion barriers.
Prediction Model
Tumor. In this study, the experimental conditions were arranged to ensure that the tumor accumulation of the effector would be at MPTA. The effector dosage was selected based on the experimentally determined accessibility of the MORF -antibody for the labeled cMORF effector, the average number of MORF per antibody (gpm), and the MORF -antibody accumulation in tumor (%ID/g). We have shown that 111 In may be used to radiolabel the antibody MN14 for use in measuring its concentration in tumor and normal tissues and that 99m Tc may be used to radiolabel the cMORF effector for use in measuring the accessibility of antibody in these tissues (16) .
For an accessibility of 100% in tumor, the dosage of MORF -antibody (D antibody ; Ag) that is required to be just saturated in tumor by any fixed effector dosage (D cMORF ; Ag) can be calculated by Eq. (2):
where %ID/g antibody is the tumor accumulation of MORFantibody and M antibody and M cMORF are the molecular weights of the antibody and cMORF effector, respectively. Blood. By the nature of pretargeting, the radiolabeled effector is always designed to be excreted rapidly such that at the time of detection its blood level is usually minimal. In addition, at this time, the blood level of the pretargeting antibody will also be low and can be assumed to be a constant because of its slow pharmacokinetics. Thus, the total blood concentration of effector (C blood ) will be the sum of the concentrations of antibody-bound (bound C blood ) and free (free C blood ) effectors. The bound C blood can be calculated from the saturation of the circulating antibody by Eq. (3), and as a first approximation, the free C blood may be estimated from the experimental clearance curve of the labeled effector in tumored mice not receiving the pretargeting antibody (17) . The accessibility of MORF antibody in blood has been shown to be f100% (16).
Normal Organs. In principle, the level in normal organs may be estimated in the same way as in blood. However, the following observation simplifies the estimation and eliminates the need to measure the accessibility. In our 
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previous studies with the MN14 antibody, over the wide range tested, we found that the organ-to-blood ratios of antibody-bound effector are constant in all organs other than kidneys (see immediately below), independent of the dosages of antibody and effector as well as the pretargeting interval. Our interpretation is that the accessible MORF-MN14 in these normal organs is in equilibrium with MORF-MN14 in blood (17) . As described below, we show that this equilibrium of MORF -antibodies between normal organs and blood still holds for MORF-CC49 and MORF-B72.3 as well.
Kidney. The kidney is a unique organ with respect to pretargeting because the cMORF effector clears exclusively via this organ and its accumulation is independent of the presence or absence of MORF -antibody therein (17) . Thus, the kidney accumulation is a property of the radiolabeled cMORF effector and independent of the pretargeting antibody provided that any pharmacokinetic effects can be ignored. For example, if the blood level of a particular antibody is unusually high at the time of effector administration, more of the effector will be bound in circulation and less will be free to clear and accumulate in the kidneys. However, this high level of antibody is seldom encountered in pretargeting.
Based on the above semi-empirical model and the MPTA expression, we now report on the agreement of the experimental results with predictions in pretargeting with three different antibodies. The anti-CEA antibody MN14 and the anti-TAG-72 antibody CC49 target different antigens in the same tumor, whereas the CC49 and B72.3 target the same TAG-72 antigens but with a large difference in tumor accumulation.
Materials and Methods
As before, the base sequences of MORF and its complement (cMORF) were 5 ¶-TCTTCTACTTCACAACTA-linker-amine and 5 ¶-TAGTTGTGAAGTAGAAGA-linker-amine (GeneTools), respectively. The murine anti-CEA antibody MN14 was a gift from Immunomedics. The anti-TAG-72 antibody CC49, also murine, was produced by Strategic Biosolutions from the CC49 murine hybridoma cell line, a gift from Dr. Schlom (Laboratory of Tumor Immunology and Biology, Center for Cancer Research, National Cancer Institute, NIH). The first-generation anti-TAG-72 antibody B72.3 was a gift from National Cancer Institute Biometric Research Branch Preclinical Repository. The S-acetyl NHS-MAG 3 was synthesized in-house (21) and the structure was confirmed by elemental analysis, proton nuclear magnetic resonance, and mass spectroscopy. The Hydralink linker was from Solulink Biosciences. The DTPA cyclic anhydride was from Sigma. The p-SCN-Benzyl-DTPA was from Macrocyclics. The P-4 resin (Bio-Gel P-4 Gel, medium) was purchased from Bio-Rad Laboratories and the Sephadex G-100 resin was from Pharmacia Biotech. The 99 Mo99m Tc generator and the 111 InCl 3 were both from Perkin-Elmer Life Science. All other chemicals were reagent grade and used without purification. In-Labeled Antibodies, and MORF-Conjugated Antibodies
The MAG 3 -cMORF was synthesized as described previously (22) . To radiolabel, 50 AL 99m Tc-pertechnetate generator eluate was introduced into a combined solution consisting of 30 AL (>0.5 Ag) of MAG 3 -MORF in NH 4 OAc buffer (pH 5.2), 10 AL of 50 Ag/AL Na 2 tartrateÁ2H 2 O in a pH 9.2 buffer, and 3 AL of 4 Ag/AL SnCl 2 Á2H 2 O in ascorbate-HCl solution (1 Ag/AL sodium ascorbate in 10 mmol/L HCl). The solution was heated at 100jC for 20 min. The labeling efficiency was routinely >95% as determined by size-exclusion high-performance liquid chromatography.
Although the MN14 and B72.3 were successfully conjugated with the DTPA cyclic anhydride as described previously (15) , difficulties were experienced in conjugating the CC49 and labeling with 111 In in this manner. Therefore, p-SCN-benzyl-DTPA was used for this antibody. Briefly, a CC49 solution (1.7 Ag/AL) in 20 mmol/L PBS (pH 7.2) was mixed with a 0.80 Ag/AL p-SCN-benzyl-DTPA solution in 0.5 mol/L NaCO 3 -NaHCO 3 buffer (molar ratio = 2/8; pH 9.3) at a DTPA-to-antibody molar ratio of 55 and the mixture allowed to react overnight (15-24 h). The average number of DTPA per antibody (gpm) was determined by analyzing the 111 In-labeled conjugation mixture by size-exclusion high-performance liquid chromatography before purification and was calculated by multiplying the DTPA-to-antibody molar ratio by the fraction of radioactivity on the antibody. Purification was achieved on a 0.7 Â 20 cm Sephadex G-100 glass Econocolumn. The labeling with 111 In of the three antibodies was as described previously (15) .
The MORF -antibodies were synthesized using a commercial Hydralink linker (23) . The antibodies were first conjugated with succinimidyl 4-hydrazinonicotinate acetone hydrazone, whereas the MORF was conjugated with succinimidyl 4-formylbenzoate. After purification, combining the hydrazine-modified antibody and the benzaldehyde-modified MORF resulted in hydrazone formation. Purification of the MORF -antibodies from the free MORF was also achieved on a 0.7 Â 20 cm Sephadex G-100 glass Econo-column and the gpm was determined following routine procedure described previously (15) .
Animal Study All animal studies were done with the approval of the University of Massachusetts Medical School Institutional Animal Care and Use Committee. For tumor induction, 10 6 LS174T colon cancer cells were injected into the left thigh of each Swiss NIH nude mouse (Taconic Farms). The animals were used at 12 to 13 days when the tumors were f0.5 g. To measure the biodistribution of each antibody, three groups (n = 4) of tumored mice received via a tail vein 30 Ag (20-30 ACi)
111 In-labeled B72.3, MN14, or CC49. After 48 h, the mice were sacrificed for biodistribution by exsanguination via heart puncture under halothane anesthesia. In the pretargeting studies, three groups (n = 4) of tumored mice received via a tail vein 48, 23, and 11 Ag MORF-conjugated B72.3, MN14, and CC49, respectively.
After 48 h, each mouse received 1 Ag (100 ACi) labeled cMORF also via a tail vein. Animals were sacrificed for biodistribution 3 h later.
At sacrifice, samples of blood and other organs were removed, weighed, and counted in a NaI(Tl) well counter (Cobra II automatic gamma counter; Packard Instrument) along with a standard of the injectate. Blood and muscle were assumed to constitute 7% and 40% of body weight, respectively. The tumored thigh was excised and the skin and as much of the muscle and bone as possible were removed before counting. The radioactivity therein was attributed to the tumor because the radioactivity levels in bone and muscle were negligible. After the tumor thigh was counted, the tumor mass was dissected to isolate the residual bone and muscle so that their weights could be subtracted to provide the net tumor weight.
Results

Biodistribution of 111
In-Labeled Antibodies The 48-h biodistributions of the three antibodies radiolabeled with 111 In in LS174T tumored mice are presented in Fig. 2 . As shown, whereas the accumulations in heart, lung, spleen, muscle, and salivary gland were generally antibody independent, the liver accumulations were highly dependent. Significant differences in kidney accumulations occurred only for the labeled CC49 antibody (Student's t test, P < 0.05). The tumor accumulations varied in proportion to the blood levels such that the tumor-to-blood ratios for these antibodies are essentially identical (5.6, 5.4, and 5.3 for B72.3, MN14, and CC49, respectively). The 48-h tumor accumulations of the 111 In-labeled antibodies in %ID/g and corresponding average tumor weights (in parentheses) were 12.5 F 1.4 (0.65 F 0.12 g), 16.7 F 3.9 (0.58 F 0.13 g), and 23.6 F 4.0 (0.57 F 0.13 g) for B72.3, MN14, and CC49, respectively.
Biodistribution of Labeled cMORF in Pretargeted Mice
The conjugation of B72.3, MN14, and CC49 with MORF provided an average of 0.53, 0.83, and 1.22 gpm, respectively. The tumor accumulation of the cMORF effector earlier determined in the mice pretargeted with MORF-MN14, 6.24 F 0.41%ID/g for a 0.52 F 0.05 g LS174T tumor, was predicted to be the MPTA of cMORF effector in this study with each of the three antibodies (17) . Using the molecular weights of cMORF (6331 Da) and antibody (160 kDa) and the 48-h 111 In-antibody tumor accumulations (Fig. 2) , the dosage of MORF -antibody that must be administered such that the accessible MORFs in tumor at 48 h are just saturated with the cMORF effector can be estimated by Eq. (2) for any given dosage of cMORF effector. In this manner and assuming the MPTA is independent of antibody, the calculation for an effector dosage of 2 Ag provides 48, 23, and 11 Ag as the dosages of MORF conjugated B72.3, MN14, and CC49, respectively. When these antibody dosages were used in the animal studies, the dosage of effector was reduced from 2 to 1 Ag to ensure the MORF binding sites in tumor would not be saturated (that is, MPTA conditions). Table 1 lists the 3-h biodistributions of labeled cMORF effector in tumored mice pretargeted 48 h earlier by each of the three MORF -antibodies at the dosages selected. Because the labeled cMORF effector was administered at a dosage lower than that required for saturation, the tumor Tumor. Because both the pharmacokinetics and the average number of MORF per antibody differed among the antibodies, the dosage of each MORF -antibody was adjusted to provide the same accessible MORF concentration in tumor. Otherwise, a different dosage of effector would be required to meet the MPTA conditions for each antibody. Figure 3 shows the experimental MPTAs from Table 1 along with the corresponding average tumor size (g). The tumor accumulations (6.28 F 1.47 and 6.16 F 0.47 %ID/g) at 3 h in mice pretargeted 48 h earlier with the MORF-MN14 and MORF-CC49 antibodies are statistically identical to each other and to that predicted (6.24 F 0.41%ID/g), whereas that for MORF-B72.3 (8.89 F 1.28%ID/g) is significantly higher than predicted (Student's t test, P < 0.05). We have observed previously an inverse relationship between tumor accumulation and tumor size (17) to suggest that the higher tumor accumulation in this case is most likely due to the smaller tumor size of 0.43 g.
Blood.
At the detection time of 3 h, the blood level of free effector was earlier determined to be 0.04%ID/g (15) . The total blood levels of effector can then be predicted by adding this free effector level to the antibody-bound effector levels calculated from Eq. (3). In animals pretargeted 48 h earlier with the MORF-MN14, the experimental blood level of cMORF effector agrees well within 2 SDs with the predicted as shown in Table 2A ; 1 SD was fixed at 25% of the predicted as before (17) . The difference in the case of animals receiving MORF-B72.3 is just outside this limit, whereas the difference in the case of MORF-CC49 is larger. These discrepancies may be related to different pharmacokinetic behavior of the 111 In-DTPA-antibody used to trace the pharmacokinetics of the MORF-conjugated antibody.
Liver, Spleen, Lung, Heart, and Muscle. As mentioned above, the organ-to-blood ratios of antibody-bound effector were earlier found experimentally to be constants with respect to the dosages of antibody and effector as well as the pretargeting interval (17) . The experimental and predicted ratios from this study are listed in Table  2B . To derive these experimental ratios, it was necessary to obtain the value for the bound effector by subtracting the free effector level in each normal organ from the experimental organ accumulations in the same manner as that described above for blood. The free effector levels at 3 h were earlier determined to be 0.27, 0.17, 0.12, 0.06, and 0.03 %ID/g for liver, spleen, lung, heart, and muscle, respectively (17) . As shown, the experimental ratios for all three antibodies are within 2 SDs of that predicted. The predicted ratios in the table are taken from previous pretargeting studies with MN14 (17) and reproduced in this study. As is evident in Table 2B , the ratios for the pretargeting using B72.3 and CC49 antibodies are also in agreement with the predicted.
Kidney. The kidney accumulations of the effector were 3.41 F 0.48, 4.10 F 1.33, and 3.57 F 0.71 %ID/g (Table 1 ) in the mice pretargeted with MORF-conjugated B72.3, MN14, and CC49, respectively, and agree within 2 SDs with the predicted 5.44 F 1.51%ID/g obtained from the kidney accumulations measured during several previous studies (17) , again reflecting that the kidney accumulation is a determinant of the effector only. In our case, the influence of the different pharmacokinetics of each antibody on the kidney levels of MORF may be neglected because, independent of the antibody, most of the effector clears through the kidneys at 3 h (15). 
Discussion
We showed previously that the biodistribution of the cMORF effector in pretargeted mice can be predicted by our semi-empirical model with variations in three category 2 variables, that is, the dosage of pretargeting antibody, the dosage of effector, and the pretargeting interval (17) . Therefore, this approach may help avoid trial-and-error studies of pretargeting optimization. Several rules govern the selection of the category 2 variables for optimal pretargeting. The pretargeting interval should be selected to provide the required tumor-to-blood ratio. The detection time should be selected to allow the free effector to clear to the background radioactivity level required. The dosage of the pretargeting antibody is not a critical variable because any convenient dosage may be selected, although it should be below that required to saturate the tumor antigenic sites. With a too high antibody dosage, higher than necessary levels of antibody will be present in circulation and normal organs at the time of effector administration. To achieve an optimal pretargeting outcome, the effector dosage should be such that the accessible antibody localized in tumor is just saturated by the effector. A lower effector dosage will still provide the MPTA (%ID or %ID/g) but a lower absolute accumulation (in nmol or ng), thus providing a less favorable tumor-to-blood ratio. Conversely, an effector dosage in excess of that necessary to saturate the antibody in tumor will still provide the maximum absolute accumulation but a lower percent tumor accumulation, because a less percent of the effector will be retained in tumor.
In this study, we have extended the semi-empirical model to predict the influence of the category 1 variables, although the utility of our model regarding these variables is still qualitative. At this stage, all the variables in the MPTA expression of Eq. (1) are not available. However, some predictions from this expression may improve our understanding of tumor delivery. In particular, we have predicted that the MPTA is independent of antibody based on Eq. (1), whether targeting different antigens or having different pharmacokinetics. This experimental study has confirmed this prediction. Recently, we had also shown that the gpm of an antibody does not change the MPTA (23) .
In the course of our investigations, several misconceptions residing in this and possibly other laboratories have become clarified. Firstly, for solid tumors, the MPTA of the effector cannot be increased by increasing the number of effector-binding sites in tumor, for example, by administering a larger dosage of antibody (17) , by increasing the gpm (23), or by other means (however, it is possible to increase the absolute tumor accumulation by, for example, amplification pretargeting, in which a multivalent polymer is administered between the pretargeting antibody and the effector; ref. 24) . Secondly, the benefit of pretargeting is usually not in achieving a higher absolute or percent tumor accumulation compared with conventional targeting, because the rapid clearance of the effector limits its delivery; therefore, the absolute or percent tumor accumulations by pretargeting is often lower than that achievable by conventional targeting. Thirdly, pretargeting cannot provide tumor-to-blood ratios superior to that achieved by directly labeled antibody because the effector cannot target more pretargeted antibody than exists in tumor and normal tissues. However, as mentioned earlier, the advantage of pretargeting rests in combining the tumor affinity of the antitumor antibody with the rapid clearance of the effector (6 -11) . In this way, pretargeting can greatly improve the tumor delivery of cytotoxic agents, such as radioactive effectors, by providing a comparable tumorto-blood ratio in f1 h postadministration of the effector to that achieved by radiolabeled antibodies in days and therefore greatly reduce the cytotoxicity to normal tissues.
However, it should be mentioned that certain tumorto-normal-organ ratios may increase if the antibody in those organs, but not in tumor, become inaccessible to the effector due to metabolism or some other mechanism (25 -27) . In our experience, this phenomenon applies especially to liver in the case of MORF pretargeting. For example, in this investigation, the liver accumulations of CC49, MN14, and B72.3 measured by the 111 In-labeled antibodies were 9.6, 13.4, and 19.2 %ID/g, respectively, at 48 h (Fig. 2) . If the accessibility of the MORF -antibodies for the cMORF effector were 100%, the liver accumulations would have been f5.1, 10.1, and 19.3 %ID/g based on Eq. (3) rather than the much lower observed accumulations of 0.63, 0.84, and 1.35 %ID/g (Table 1 ).
To our knowledge, this report describes the first comparison of different antibodies for pretargeting under MPTA conditions. Several previous studies have compared different antibodies for pretargeting and reported antibody-dependent differences in the tumor accumulation of effector (8, 28 -31) . However, these earlier studies compared antibodies at the same dosage of antibodies and the same dosage of effector without considering the saturation of pretargeting antibody by effector in tumor. In this investigation, if each of the three antibodies had been administered at the same dosage and the effector were at a fixed dosage sufficient to saturate any of the three MORFantibodies in tumor, the CC49 would have similarly provided a higher tumor accumulation of the effector than the other two. However, even in the case of CC49, the effector accumulation would have been lower than that achieved herein under the MPTA conditions.
Although the MPTA cannot be improved by the use of different antibodies, there is often a need to consider different antibodies for pretargeting (32) . Advanced recombinant and antibody engineering technologies are now increasingly in use to develop antitumor antibodies with improved specificity, diminished cross-reactivity with normal tissues, increased binding affinity, alleviated immunogenicity, reduced heterogeneity of antibody deposition in tumor, etc. These include intact antibodies targeting different antigens, antibodies with different pharmacokinetics, antibody fragments, and genetically engineered small antibody constructs (diabodies, minibodies, affibodies, etc.). Reports on a large number of these pretargeting studies have appeared in recent years (33 -36) . Furthermore, if the dosage of effector is above that required to saturate the MORF -antibody in tumor, both the absolute and the percent tumor accumulation of the effector will depend on the antibody, because antibodies differ in tumor accumulation (28) , affinity for their antigen or the effector (37), the disappearance rate by either internalization or shedding of their antigen complexes, and the accessibility in tumor for the effector (38, 39) .
In conclusion, from the results in mice pretargeted with three different antibodies, we have confirmed experimentally the prediction that the MPTA of the effector is independent of the pretargeting antibody in the LS174T tumor model. Although it is possible to improve tumorto-normal-tissue ratios, the use of different antibodies cannot improve the MPTA of labeled cMORF effector by pretargeting. Although this investigation is concerned with an effector radiolabeled with an imaging radionuclide, the conclusions arrived at herein will apply equally well to effectors carrying other imaging labels such as fluorophores or cytotoxic labels such as therapeutic radionuclides.
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